The tectonic settings investigated by several seismic projects in previous research targeting the structure in Central Poland mainly focused on the Earth's crust. In this paper, we present P-wave velocity verification in the uppermost mantle beneath LUMP profile towards SSE-NNW. Using recordings of 36 DATA-CUBE recorders from ca. 300-490 km far earthquake in coal mine "Janina" in southern Poland, we calculated travel times to verify P-wave velocity below the Moho boundary from previous studies. It shows that a significantly lower mean velocity value should be used for the upper mantle while counting these offsets of travel times in the SSE-NNW direction than that used on previous profiles. We present two possible models: first, the most simple one that fits the observed first arrivals, and the second with a low-velocity layer beneath the Moho boundary. In both cases, we used a priori crustal model focusing only on P-wave velocity in the uppermost mantle. Both of them significantly improved adjustment of travel times to the observed data. To evaluate the tendency of adopting too high velocities beneath the Moho, we used also 11 broadband stations, Reftek 151-121 "Observer", from "13 BB Star" passive experiment and 6 STS-2 seismometers from permanent stations of the Polish Seismological Network (PLSN).
Introduction
The tectonic structure in Poland, where the East European Craton and Palaeozoic Platform are divided by the TransEuropean Suture Zone, is complicated (Fig. 1) . The cross sections were modelled along relatively dense net of the seismic profiles in several projects, as, for example, POLO-NAISE'97 (e.g. Guterch et al. 1997) , CELEBRATION 2000 (e.g. Guterch et al. 2003 ) or SUDETES 2003 (e.g. Grad et al. 2003 . Figure 2 presents some of these profiles. The 2D models along particular profiles were the basis for creating 3D models by Majdański (2012) and Grad et al. (2016) . These profiles were acquired during active source seismic experiments, where recorded energy is significantly lower than in case of natural earthquakes.
In 2015, there was an earthquake in the coal mine close to Libiąż town. At that time, we had a profile set up to record the energy from the detonation of one old sea mine with a total charge ca. 1700 kg of TNT from the FENNOLORA (1979) project (Lund et al. 1983) . After almost 40 years since the FENNOLORA seismic experiment, the last unexploded military charge was detonated. All countries bordering the Baltic Sea were informed and set up their own equipment. Throughout the Scandinavian Peninsula, the energy from this blast was recorded (Lund 2015) . Unfortunately, on the southern part of the Baltic Sea the energy from that blast was poorly recorded, probably because of the very bad weather conditions-strong wind and storm generating too much noise.
Deployment of stations at that time allowed us to record the mining event close to Libiąż town. The distance between the source and the receivers made it possible to verify P-wave velocity in the uppermost mantle in Central Poland. Assuming well-investigated crustal structures, we present an attempt to examine P-wave distribution below the Moho boundary or discontinuity based on Libiąż Uppermost Mantle Profile (LUMP profile). We used also recordings of all seismic stations deployed in Poland at that time (see Table 1 ).
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First, we present data-seismic waveforms from Libiąż seismic event. Second, we describe the methods used in this analysis (2D ray-tracing modelling). The modelling and results section presents two new models of the analysed region with seismic sections together with the travel times calculated for our models. Finally, we discuss the results.
Tectonic settings
The LUMP profile line intersects three main tectonic units: the East European Craton in the north, Palaeozoic Plate in the south and the Trans-European Suture Zone that separates them (see Fig. 1 ).
Fig. 1
Tectonic sketch of the pre-Permian Central Europe in the contact of the East European Craton, Variscan and Alpine orogens compiled mainly from Pożaryski and Dembowski (1983) , Ziegler (1990) , Winchester et al. (2002) , Skridlaitė et al. (2006) , Cymerman (2007) , Narkiewicz et al. (2011 ), Franke (2014 and Mazur et al. (2015) . Blue frame shows the location of studied area. BT Baltic Terrane, EA Eastern Avalonia, FSS Fennoscandia-Sarmatia Suture, MLSZ Mid-Lithuanian Suture Zone, PLT Polish-Latvian Terrane, RG Rønne Graben, RFH Ringkobing-Fyn High, STZ Sorgenfrei-Tornquist Zone, TTZ Teisseyre-Tornquist Zone, VDF Variscan Deformation Front. The area of Bohemian Massif is highlighted in dark green. The TransEuropean Suture Zone separates thick and cold Precambrian crust from younger thin and hot Paleozoic crust. Yellow star shows the location of Libiąż earthquake which was recorded at LUMP seismic stations (red dots). Yellow line shows the LUMP profile
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The East European Craton (EEC) is the oldest part of Europe. It was formed around 1.8-1.7 billion years ago, due to the collision of three independent segments: Fennoscandia, Sarmatia and Volgo-Uralia (Bogdanova et al. 2001 (Bogdanova et al. , 2005 . There are metamorphic rocks of Archaean and Proterozoic age in the Precambrian platform, including plutonic and volcanic rocks, both alkaline and acidic. These are mainly migmatites, gneisses, amphibolites, granitic rocks and igneous rocks such as gabbros, syenites, granitoids, norites with a thick sediment coverage ~ 5 km on the SW rim, which gradually reduces its thickness towards the NE direction Puziewicz 2006; Puziewicz et al. 2017 ).
The Trans-European Suture Zone (TESZ) separates the young Paleozoic structures of Central and Western Europe from the old Precambrian structures of northern and eastern parts. This area was created as a result of the collisions of Baltica, Laurentia, Gondwana and Avalonia (Gee and Zeyen 1996) . The western margin of East European Craton is the most prominent lithospheric border in Europe. It runs from north-west to south-east, from the North Sea to the Black Sea, at a length of about 2000 km. This zone of the Palaeozoic collision of the Precambrian East European Craton with the micro-continents of Avalonia, Barrandian and Armorica (which broke off from Gondwana in the south) is almost hidden in deep sedimentary basins from the Permian to the Fig. 2 The net of selected profiles from the region neighbouring the LUMP profile on the background of the topographic map. Yellow star shows location of Libiąż earthquake which was recorded at LUMP seismic stations (red dots). "13 BB Star" array of broadband stations is denoted with white dots and permanent seismic stations with red squares, respectively. Yellow line shows the LUMP profile. Thin black lines are profiles used for the construction of the Model Z 1 3 Cenozoic age. In the studies of the history of this region, many seismic experiments and drilling holes are helpful. This border is also present in the upper mantle (e.g. Babuška et al. 1998; Wilde-Piórko et al. 2010) .
Previous seismic studies
Geophysical research in this area consists mainly of seismic methods. Numerous profiles (Fig. 2, Table 2 ) were recorded in both the eastern and western parts of TESZ (e.g. Guterch et al. 2010) . Seismic projects, such as the LT profiles in Poland (Guterch et al. 1986 ), TTZ-PL (Grad et al. 1999) , POLONAISE'97 (Guterch et al. 1999 ) and SUDETES 2003 , provided information on crustal structure for the East European Craton and neighbouring areas. These projects provided a large number of crustal structure images down to the Moho boundary, but only in a few cases there were deeper interpretations . During deep seismic soundings, some upper mantle phases, both reflected and refracted, were traced on up to distances of 400 km (POLONAISE'97, .
In 1997, the POLONAISE'97 project (Polish Lithosphere Onsets-An International Seismic Experiment) was Jensen et al. (1999) conducted, aiming to study the lithosphere structure within the TESZ and the south-western part of the East European Craton (Guterch et al. 1999 . The longest profile (1400 km) CEL05 crossed tectonic units of the EEC, the TESZ, the Carpathians and the Pannonian Basin. Modelling of this profile was initially based on the inversion of first arrivals only , but later ray tracing was used ). In the area of the EEC, a three-layer crustal structure was established. The CEL03 profile was a prolongation of previous TTZ-PL profile, jointly ~ 720 km long. The profiles run along the TESZ. Analysis of this profile has shown that the TESZ is not homogeneous. Several smaller units were separated within it . The depth of the Moho boundary varies from ~ 30 km in the Baltic Sea to ~ 50 km at the Ukrainian border.
In 2006-2008, the PASSEQ project was conducted, which provided further important data for detailed investigation of the upper mantle structure around the TESZ region in Central Europe (Wilde-Piórko et al. 2008) . One of its results is a model of P-wave velocity variations with ± 3% in relation to the iasp91 velocity model around the TESZ (Janutyte et al. 2015) . Using the TELINV nonlinear teleseismic tomography algorithm to perform the inversions, the seismic lithosphere-asthenosphere boundary (LAB) was found to be more distinct beneath the Phanerozoic part of Europe than beneath the Precambrian part.
The TESZ area was investigated previously in projects such as EUGENO-S (e.g. EUGENO-S Working Group 1988), EGT (European Geotraverse; e.g. Blundell et al. 1992) and BABEL (Baltic and Bothnian Echoes from the Lithosphere; BABEL Working Group 1993). Recent years show great interest in this area. Projects such as POLO-NAISE'97, CELEBRATION 2000 and SUDETES 2003 provided 2D and 3D models of seismic wave velocity based on deep seismic probes. These models illustrate the crust structure in the TESZ region, but the depth range of the models does not allow for precise determination of the upper mantle structures.
The crustal structure of the EEC is characterized by a thin sedimentary cover, of up to 2 km, and consists of three layers. The top crystalline layer has seismic P-wave velocities of 6.0-6.4 km/s, mid-layer of 6.5-6.8 km/s and lower layer of 6.8-7.2 km/s. The Moho boundary lies here at a depth of 43-50 km . Towards the TESZ, the seismic structure is composed of a sedimentary layer of 9-12 km with P-waves of less than 5.4 km/s. Beneath, there is a consolidated upper crust (basement) at a depth of 15-20 km with P-wave velocity less than 6 km/s, middle crust with velocities of 6.3-6.6 km/s and lower crust with Vp values of 6.8-7.2 km/s.
The results of deep seismic surveys show how complex the structure of the Earth's crust is in this area. These soundings also point out differences in physical characteristics, which correspond to their differences in geological structure. Analysis of the results of these projects allowed, for example, to designate the Moho depth map (e.g. Grad et al. 2009b) .
Seismic data and Libiąż event
In this analysis, we used 36 short-period DATA-CUBE recorders, 11 broadband stations, Reftek 151-121 "Observer", from "13 BB Star" passive experiment (Grad et al. 2015) and 6 from permanent broadband stations of the Polish Seismological Network (PLSN) equipped with STS-2 seismometers (locations in Table 1 ). Map of the LUMP seismic profile (yellow line) with all stations is shown in Fig. 2 . DATA-CUBE recorders with 4.5 Hz geophones were deployed for 1 week only.
We used the source location catalogue with data calculated from mining seismometers (http://www.grss.gig.eu/ pl), according to which the event occurred in 50.0717 N, 19 .3396 E at the 1 km depth.
Seismic section composed of short-period data is presented in Fig. 3 . Stations along the LUMP profile were deployed from 52.61220 N, 17.74969 E to 54.31169 N, 17.54922 E with average spacing 5.3 km. At 300-490 km offsets, we observed uppermost mantle seismic waves. The largest amplitudes are observed for first P-wave arrivals. We notice strong crustal P-wave multiples, but due to the complicated structure above the Moho discontinuity, attributing them to individual layers in the crust could be difficult. We recorded data on one-component DATA-CUBE with 100 cps, and on vertical component, we do not observe significant first-mantle S-waves. Trying to establish their position in Fig. 3 , we mark a grey zone for approximately Vp/ Vs ~ 1.73 for both S-waves and crustal S-waves multiples.
To describe the source and energy radiation, we present moment tensor solution (Fig. 4) . The "Janina" mine is located in Main Trough, the most extensive structure of Upper Silesian Coal Basin (USCB) (Buła et al. 2008; Bukowska 2012) . It is a very gentle and extensive syncline with layer dip from 0° to 10°. Its main structural elements include a number of faults of varying amplitude of throws, often above 1000 m, and mild bending of layers in the form of domes, anticlinal faults or troughs and synclines. The faults are mostly of regular throw and throw-slip kind, rarely only slip. The length of fault zones is not equal and ranges from a few metres to several dozen kilometres. Similarly, the orientation of faults varies from the latitudinal faults to the meridian; the latitudinal faults are characterized also by substantial throws, accumulated mainly in the central and southern part of the trough. Due to the fact that they throw rock mass to the south, the structure of the throw is stepwise, whereas the meridional faults are located almost all over the area, and the NW-SE faults could be found only along the NE and E border.
The strong seismic event of M L = 3.7 occurred on November 11, 2015, during the coal seam 207 exploitation in "Janina" mine in Libiąż, southern Poland. In Fig. 4 we present the source mechanism of Libiąż seismic event which was determined from records of 11 channels of local "Janina" mine network. They were in the distance range of 300-490 m from the source and covered the azimuthal range quite well. In Fig. 4 they are projected into the focal sphere, For the analysed seismic event, the focal mechanism was calculated with seismic moment tensor inversion method (SMT) in the time domain from amplitudes and polarity of P-wave (Fig. 4) . The SMT analysis was based on the seismograms recorded by underground seismic network in "Janina" mine. At the time of the event occurrence, the seismic network consisted of nine vertical and three three-component short-period (1-200 Hz) DLM3D seismometers manufactured by Central Mining Institute, with sampling rate of 500 cps. The recording seismometers are horizontally and vertically spaced from the seismic events at distance ranges of 0.4-3 km and 0.1-0.8 km, respectively.
The inversion was performed using FOCI 3.1.24 software (Kwiatek et al. 2016) , applying constant velocity and density of 4.00 km/s and 2300 kg/m 3 , respectively. As a result of the calculations, three solutions were obtained following the convention introduced by Knopoff and Randall (1970) :
• The full moment tensor, which can be decomposed into an isotropic component (ISO) describing the volume change, linear vector dipole (CLVD) and into the doublecouple component (DC).
• The deviatoric tensor, containing a CLVD component and the shear component DC.
• The pure shear tensor, which has only the double-couple component (DC). Figure 4 shows the parameters of the focal mechanism. The full, deviatoric and pure shear moment tensor was calculated using the L2 norm which was a measure of the misfit together with the Lagrange multipliers method (Wiejacz 1991) .
The full moment tensor solution presented in Fig. 4 shows that the earthquake occurred as normal faulting on a northwest-striking plane. It is consistent with approximate strike local fault. Nodal plane A (trend − 155°, dip − 63°) is almost vertical and plane B (trend − 316°, dip − 27°) almost horizontal. High double-couple component of the moment tensor solution, which in here is almost 95%, confirmed that the probable cause was the effect of tectonic zones disturbed by mining activity.
Modelling and results

First check of data with 3D model
To compute seismic travel times with 3D seismic velocity model of Poland, the "pySeismicFMM" software package was used. The "pySeismicFMM" is Python-based travel time calculation software in regular 2D and 3D grids in geographic and Cartesian coordinates. For given geographic coordinates of seismic source within the model, "pySeismicFMM" calculates travel times to all grid cells of the model in single pass, providing accurate travel time to any geographic coordinate within the model. The program uses the fast marching method (Sethian 1996; Sethian and Popovici 1999) .
The 3D P-wave velocity model Grad et al. (2016) was obtained by combining data from studies from past 50 years and used data sources such as refraction and reflection seismology, vertical seismic profiling, geological boreholes, magnetotellurics and gravimetry. Such numerous data sources allowed to create detailed 3D P-wave velocity model which reaches to a depth of 60 km. It includes six layers of sediments, three layers of the crust and a single layer of uppermost mantle. The model grid covers a whole area of Poland from topography to 60 km depth. This model was calculated in a rectangular grid in geographic coordinates.
Each grid cell is assigned to one of the layers. A single grid cell has size of 1112 m × 1281 m × 10 m for northern Poland and 1112 m × 1459 m × 10 m for southern Poland. More detailed information can be found in Grad et al. (2016) .
We used this model as a starting model in our study. In Fig. 5a we present the vertical cross section obtained from this 3D model between Libiąż location and the middle point of the LUMP profile. Seismic sections (Fig. 5b) with travel times calculated for the 3D model show that the fit to the data should be improved. The root mean square (RMS) value for this model is 0.924 s with picking accuracy 0.1 s. All source-receiver seismic rays penetrate the uppermost mantle. Tracing wave propagation, we notice that due to the distance, only the part of the model beneath the Moho could be slightly corrected.
Although P-wave penetration is not deep enough (down to ~ 10 km below the Moho) to evaluate seismic velocities, we noticed that uppermost values are too high. Propagation of P below the Moho begins at a relatively high velocity, with ~ 8.27 km/s at ~ 50 km distance. This value decreases down to ~ 8.03 km/s at distance ~ 150 km. In the middle of the LUMP, there are high P velocities at distances from 190 to 350 km with ~ 8.34 km/s at 250 km and ~ 8.36 km/s at 300 km. This "island" with high velocities is characterized by negative gradient of P velocities. Further along the profile, at a distance above 350 km, P velocity values decrease again, down to ~ 8.16 km/s at 400 km.
Difference between observed and theoretical travel times from 3D model is mainly caused by model inaccuracy. Differences between blue line and blue dots (Fig. 5b) can be characterized by RMS = 1.12 s.
Because rays mostly travel through the uppermost mantle, the influence of P-wave velocity modification on travel time fit was tested for all stations (LUMP + "13 BB Star" + PLSN). Figure 6 (with legend in Table 1 ) shows absolute travel time difference (colour scale) for different uppermost-mantle velocity modifications (UMM velocity factor; vertical scale, from + 3% in the bottom, to − 7% on top) for each station (horizontal scale, one column per station, stations sorted by distance from source, separately for each station group). White dots show velocity change providing the best time fit for each station. Seismic wave from source to closest PLSN station (NIE) did not propagate in the uppermost mantle, so for this station travel time accuracy does not change with modification of the uppermost mantle velocity.
Although seismic records from 13BB and PLSN presented in Fig. 6 do not help with modelling along the LUMP profile, they were used in general for 3D model verification. We cannot assume that the model of Grad et al. (2016) has too high P-wave velocities below the Moho for other directions of wave propagation. To exclude the fact that these velocities are too high for the whole model, we show that for PLSN for two stations its values are too small and for one station the travel time difference is really small.
Testing Vp in the lower lithosphere
For modelling of the P phase, we used travel time inversion, which is a commonly used method that allows to reconstruct seismic velocity model basing on the observations of the arrival times of seismic phases. In this paper, we used the Rayinvr program (Zelt 1999 ) modified by Gorman (2002) . This program assumes isotropic, two-dimensional medium, consisting of layers with smoothly varying P-wave velocities, with possible velocity discontinuities at the layer boundaries. The velocity in each layer is parameterized on a trapezoidal grid at user-defined nodes, with linear interpolation between neighbouring nodes to obtain the velocity field at any point of the model. As an initial model, usually a simple 1D velocity field is used. For the calculation of travel times and ray paths (ray theory approximation), numerical solution of eikonal equations for two-dimensional media by the Runge-Kutta method is performed. Differences (residuals) between the observed travel time data and travel times calculated for the current model represent the input for linearized damped least squares inversion procedure. Inversion results in corrections of the velocity model that improve the fit to the observed data. Usually, several iterations of the inversion and of model corrections are needed, and inversion is stopped when RMS travel time residual is on the level of estimated data (picking) errors.
Using this tool we estimated a new P-wave velocity model for the LUMP profile (Fig. 7a) . We assumed crustal velocities after Grad et al. (2016) as it is shown in Fig. 5a . Tracing P-wave propagation, we focused only on the uppermost mantle below Moho. To analyse model incompatibilities, we create a new model using 2D forward seismic modelling with starting Model X which had velocity from 8.05 km/s just beneath the Moho to 8.17 km/s at the depth of 60 km (Fig. 7b) , which significantly improved the propagation of deep rays. Model X was used as a starting model in inversion analysis.
In order to limit the ambiguity of the solution, the velocities in the crust and the Moho depth were assumed to be known based on 3D well-documented model and were not subject to inversion. Therefore, only the uppermost mantle velocities were modelled. The velocities were parameterized in nodes with ~ 5 km step. In general, with a single source, the ray distribution is unfavourable for inversion, but as ray paths in the modelled layer have different length, they still provide some independent information. Therefore, we decided to use such a simple inversion procedure to evaluate the mantle velocities.
After three steps of inversion, we obtain Model Y (Fig. 7a) . Accuracy of fitting the data is shown in Fig. 7c . The RMS value after inversion is 0.23. Model Y has two areas with relatively higher P-wave velocity, ~ 8.16 km/s at 275 km and ~ 8.15 km/s at 380 km, and two with lower, ~ 7.90 km/s at 350 km and ~ 7.95 km/s at 400 km (Fig. 7b) . P-wave velocity is significantly lower than that in the model of Grad et al. (2016) . This change improved coverage of rays propagation in the uppermost mantle. (Earlier crossing profiles have higher P-wave velocity in the uppermost mantle.)
Trial-and-error forward modelling
Based on data from intersections with 14 wide-angle reflection and refraction profiles conducted earlier, a velocity distribution model of P-waves, here model Z (Fig. 8a) , was constructed along the LUMP profile (Fig. 2) . Since the construction of Model Z includes slightly more or different data variants, as well as another interpolation method, in some details this model differs from the models presented 1 3
earlier (Model X and Model Y). Taking into account the complexity of data from so many profiles crossing the LUMP profile from different angles, it is possible to understand the complexity of the crustal part of the model. This is an alternative model to presented earlier Model Y (Fig. 7a) . In the modelling process, the crustal part of the model was frozen (assumed to be constant), as well as the shape of the Moho boundary. The Moho depth changes along the model from about 32 km in SSE to 42 km in NNW. Beneath many profiles crossing TESZ, we observe a very well-documented high-velocity Vp under the Moho boundary; for example, on TTZ-PL profile Vp is ~ 8.4 km/s (Grad et al. 1999; Janik et al. 2005 ). On profiles which cross the LUMP profile at a greater angle, the velocities are similar or slightly lower: CEL02 ~ 8. The crustal part of Model Z, as well as the shape of the Moho boundary, was assumed to be constant in the modelling process. Only the velocities in the uppermost mantle were modelled. The trial-and-error forward modelling was carried out with the SEIS83 package (Červený and Pšenčík 1984) together with its graphical interface model (Komminaho 1998) and ZPLOT software (Zelt 1994) . In the first step, the P-wave computed with Vp ~ 8.4 km/s for the whole uppermost mantle, arrived approximately 1.0 s earlier than the recorded signals, similar to the model of Grad et al. (2016) presented in Fig. 5b . Modifications of the uppermost mantle tested in many subsequent steps of the trial-and-error modelling led to the model shown in Fig. 8a . Just below the Moho, up to ~ 330 km of the Model Z, there is a layer of thickness 4-12 km and Vp ~ 8.25-8.3 km/s. This value is slightly lower than that suggested by the intersected profiles, but more similar to the Vp occurring on CEL04 profile (Vp = 8.1-8.35 km/s, Środa et al. 2006 ) located near parallel to the southern part of the LUMP profile (90-40 km to the east). This may indicate the presence of directional anisotropy in this layer. According to data from other profiles, at a distance of 330-505 km, the velocity in this layer is Vp = 8.05-8.1 km/s. Under this layer in the entire length of the Model Z, we assumed the existence of a layer with lower velocities. (In case of Vp of 8.0-8.1 km/s, its thickness should be ~ 17-20 km.) At a depth of about 55 km, another boundary was modelled, under which Vp > 8.35 km/s. At distances of 170-350 km of the Model Z, this boundary is dipping into 70 km. Modifications were done to bring theoretical travel times into accordance with the correlations of the P mantle wave observed on the recorded section on the LUMP profile, at offset between 300 and 490 km.
For searching S-waves travel times, we used Model Z obtained from P-waves, applying a Vp/Vs ratio individually for each layer. Due to the quality of the data we had, we limited ourselves to general modelling of the Vp/Vs ratio. Modelling assumed Vp/Vs = 1.73 for the whole Model Z, except for the two deepest layers where Vp/Vs = 1.74. This allows us to show P mantle together with expected S mantle phases from below the last boundary in Model Z. The modelled travel times for both P-and S-waveforms are derived from phases multiple reflected from middle and/or lower crust penetrating the selected layers. In general, they fit quite well with the area of the amplitude increase observed in the seismic section.
Model Z is an alternative to Model Y presented earlier (Fig. 7a) . Its assumptions are in line with the previously collected velocity information and the belief that under the TESZ there is a uniform high-velocity layer just beneath the Moho. Model Z contrasts with the Model Y, where just under the Moho we observe a huge lateral variation of the velocity values for P-waves.
Discussion and conclusions
We raised the question: Are we able to draw important conclusions about the structure thank to such a small experiment as LUMP profile? The answer is: Yes, we are. We are aware of the fact that we only make the previous model more detailed but we show corrected Vp distribution below Moho in central Poland. By analysing the P-wave velocities in the uppermost mantle beneath the central part of Poland, beneath the models parallel to LUMP profile, we observe much lower values than we would expect from previous investigations in the region. In the first presented model (Fig. 5a ) based on the velocity data set prepared by Grad et al. (2016) , the values from 8.27 km/s at 50 km of the profile or 8.32-8.36 km/s in its central part do not fit the first arrivals on seismic section. (Fig. 7b ). Optimizing this model by using inversion, we obtain the best results for Model Y with two higher Fig. 8 a The Model Z-2D ray-tracing P-wave velocity model for the LUMP profile. Please note that the crustal part of the model is constructed from models listed in Table 2 , which cross the LUMP profile. Only velocities in the uppermost mantle were modelled. Thick, black lines represent velocity discontinuities (interfaces). Thin black lines represent velocity contour lines in the crust (each 0.1 km/s). Thin white lines represent velocity contour lines under Moho (each 0.01 km/s). Blue lines correspond to ray paths. Blue dashed line corresponds to the range of ray propagation. Velocity values in km/s are shown in white boxes. b The ray paths refracted and reflected at crustal uppermost mantle discontinuities with multiples. c Seismic sections with travel times calculated for the model presented in a. d Enlargement of seismic section from grey frame presented in Fig. 8c , filtration 0.5-9.0 Hz. Red rays on b red travel times on c and d diagrams represent selected crustal multiples which can explain high amplitudes after first arrivals. They are not included in modelling P-wave velocity areas, 8.16 km/s at 275 km and 8.15 km/s at 380 km, and two lower areas, 7.90 km/s at 350 km and 7.95 km/s at 400 km (Fig. 7a) . This change also let rays to propagate deeper.
Both these solutions, "island nature" of high-velocity uppermost mantle and relatively low-velocity values, appear to be unrealistic as they essentially depart from the upper mantle structure presented on profiles that intersect the LUMP profile. Not all of them have equal proof in data, but particularly the TTZ and P4 profiles have extensive areas of well-documented high-velocity upper mantle Vp ~ 8.25 km/s and Vp ~ 8.4 km/s, respectively. A similarly well-documented high-velocity area occurs on the P1 profile (Jensen et al. 1999) . It is difficult to imagine that the LUMP profile just between them had so much lower velocity in the upper mantle. Considering this, a compromise (d) Fig. 8 (continued) model was proposed. It assumes the existence of a highvelocity layer directly below the Moho boundary with Vp ~ 8.25 km/s, which is the lowest of the high-velocity values observed on crossed profiles up to a distance of ~ 300 km and Vp ~ 8.1 km/s to the end of the profile. On the other hand, it was necessary to significantly delay the arrival times of theoretical travel times to match the times observed in our seismic section (Fig. 8c) . In the trial-and-error modelling, many different variants of solutions were tested to achieve ~ 1 s time delay effect of P mantle wave. As a result, the solution presented in the Model Z in Fig. 8a was adopted. The uppermost mantle has three layers. The first two parts, directly under the border of the Moho, have a thickness of 4-12 km with Vp = 8.2-8.3 km/s to about 330 km of profile and further with Vp = 8.04-8.12 km/s. The P-wave running in this layer reaches maximum offset shorter than the observation interval of our seismic section. Postponed delay was achieved by adding 15-23 km-thick low-velocity zone beneath the first boundary ( Fig. 8a ) (Vp ~ 8.03 km/s at the beginning of the profile, ~ 8.0 km/s in the middle and 7.97 km/s at the end of the profile). Next layer which produces the observed P mantle travel times requires higher velocities beneath this layer (8.37 km/s). To fit the data, this lower layer is observed at a depth of ~ 55 km at a distance up to 150 km. It gently deepens up to a distance of ~ 350 km to finally disappear at 70 km depth. Wave propagation cannot verify its existence at further distances.
Model Z, i.e. the 2D seismic forward model calculated for the LUMP profile, confirms that the existence of a relatively thin layer with ~ 8.25 km/s P-wave velocity just below the Moho boundary is possible, but it requires lower velocity layer above next boundary with Vp ~ 8.37 km/s at depths of 55-65 km. Due to the fact that there is a low-velocity zone, it is impossible to determine accurately its values. There is a possibility to assume a class of other solutions with thinner layers with lower P-wave velocity and changed depth of the deepest boundary, respectively. Previous profiles crossing the TTZ from SW to NE have indicated higher P velocity, ~ 8.4 km/s (e.g. Guterch et al. 1994; Grad et al. 2003) . Also teleseismic P-wave tomography results of PASSEQ data show lower P-wave velocity values to the west of the TESZ and higher ones to the east of it (Janutyte et al. 2015) . Typically, the waves in the Precambrian lithosphere sections are considered to move faster than in their younger counterparts.
We claim that in the direction of the LUMP profile (SSE-NNW) the P-wave velocity should be reduced to ~ 8.1 km/s beneath Moho or assuming higher velocities (~ 8.25 km/s, more consistent with velocities observed on crossing profiles), and there is a need to add a low-velocity zone below and a higher velocity layer (Vp ~ 8.37 km/s) beneath it. Such a reduced P-wave velocity in the uppermost mantle can be explained by directional anisotropy. Another conclusion is that there emerges a possibility of a more complicated upper mantle structure under the LUMP profile in the southern part of Poland than in previously accepted models, where P-wave velocities are not so well documented as in the northern part. Anyway, the analysis of these data shows how carefully and critically we have to consider the previously calculated 2D models as well as 3D models based on them (Majdański 2012; Grad et al. 2016) , especially in the uppermost mantle. We have to take into account their imperfections (limited or not the best quality of data).
In this paper, we did not analyse details of S-wave velocity distribution. We assumed only Vp/Vs = 1.73 for most of the model and Vp/Vs = 1.74 for the two deepest layers. Relatively weak S-wave arrivals can be explained by the full moment tensor solution, which shows that the earthquake had normal faulting on a north-west-striking plane and very high double-couple component caused pure shear tensor.
The complex area has been studied repeatedly. The research projects were aimed at getting to know the geology and tectonics of the TESZ zone in different areas. The origin and further evolution of this area are still the subject of research and are still not yet fully understood, but every piece of information is verifying another structural fragment and should be added to previous/other research. New models of the uppermost mantle velocity do not change tectonic implications; however, the velocities should be corrected beneath the TESZ area. Such information is useful, for example, in petrological and gravimetrical studies.
